The El Niño Southern Oscillation (ENSO) phenomenon is considered to be responsible for rainfall predictability in many regions. Some of its regional teleconnections, such as over the Arabian Peninsula in boreal summer (June-August) season, are not well studied. Therefore, in this paper, the relationship between the summer seasonal mean rainfall and ENSO is analyzed with the aid of a 15-member ensemble of simulations using the Saudi-King Abdulaziz University (KAU) Atmospheric Global Climate Model (AGCM) for the period 1981-2015. The southwestern peninsula rainfall is linked to the Sea Surface Temperature (SST) anomalies in the central-eastern pacific region. This relationship is established through an atmospheric teleconnection which shows upper-level convergence anomalies over the southern Arabian Peninsula compensating the central-eastern Pacific upper-level divergence anomalies for the warm ENSO phase, and vice-versa for the cold Phase. The upper-level convergence over the southern Arabian Peninsula leads to sinking motion, low-level divergence and consequently to reduced rainfall in the warm phase, while reverse happens in the cold phase. The correlation coefficient between the observed area-averged Niño3.4 index and a Southwestern Arabian Peninsula Rainfall Index (SARI) is −0.43 (statistically significant at 95%). Overall, model shows a potential predictability (PP) of 0.53 for the SARI region. Predictability during El Niño is higher than during La Niña events. This is not only because of a stronger signal, but also noise reduction contributes to the increase of PP in El Niño compared to that of La Niña years.
INTRODUCTION
Regional rainfall prediction is important for the management of the regional water and agricultural resources, which is mainly modulated by the El Niño Southern Oscillation (ENSO) phenomenon. 1, 2 The Arabian Peninsula is a water scarce region, 3 and rainfall there is infrequent, in particular in the boreal summer season (June-August). Therefore, the summer rainfall predictability is of significant importance for the regional socio-economic sectors. The Arabian Peninsula (AP) lies in between the South Asian and the African region, in which most of the rainfall happens between the months of November and April. This period is the wet season for the peninsula, 4, 5 during which ENSO modulates the rainfall. 2, 6 On the other hand, during the boreal summer season the peninsula receives considerably less rainfall. 5 The summer rainfall over the peninsula is mainly an extension of the Sahel monsoon and is located over the mountain ranges along the Red Sea from Saudi Arabia to western Yemen. 7, 8 The ENSO-summer rainfall teleconnections are well studied for the Sahel [8] [9] [10] which is to the west of the AP, and for the south Asian Summer Monsoon, east of the peninsula, [11] [12] [13] [14] [15] but the Arabian summer rainfall is less investigated. Therefore, the current study provides an analysis of the ENSO-Arabian Peninsula summer rainfall teleconnection and the related Potential Predictability by using an Atmospheric Global Climate Model (AGCM).
The droughts in the Sahel are modulated by warm ENSO conditions in the central-eastern equatorial Pacific region. 8 During warm conditions, rising motion in the central-eastern Pacific is compensated by sinking motion over the eastern Indian Ocean region. As a consequence, upper-level cyclonic and low-level anticyclonic circulation anomalies develop in the subtropical Atlantic and African region through Sverdrup balance. The lowlevel anticyclonic circulation anomaly induces low-level divergence and sinking motion. Such a response favors drought conditions in the Sahel region. 10 A more thermodynamical mechanism shows that the Sahel rainfall response can be induced by upper-level warming and thus stabilization of tropical regions outside the ENSO region itself, particularly on the eastern, Kelvinwave side of the ENSO-induced equatorial eastern Pacific heating. 16 The relationship between ENSO and Sahel rainfall shows decadal variability [17] [18] [19] that has been strengthened after 1980s, due to the indirect impact of enhanced monsoonal trough and the decrease of the moisture advection over Western African region. 9 ENSO also has a strong influence on the South Asian monsoon and is responsible for drought conditions in its warm phase. Landsea temperature contrast is considered to be responsible for the summer monsoon rainfall over the South Asian region. The highpressure over the Tibetan plateau is considered to be important for maintaining the land-sea temperature contrast in the Asian region through elevated heating. 20 This land-sea contrast has weakened in recent decades due to Indian Ocean warming. 21 Furthermore, the east-west gradient between the larger diabatic heating in the western Pacific region compared to that of the African and the South Atlantic region favors an upper-level anticyclonic circulation in addition to that due to the north-south contrast. Mostly, the east-west gradient is affected by longitudinal shifts of the diabatic heating in the central Pacific region. 15, 22, 23 ENSO modifies the land-sea temperature contrast by inducing a tropospheric temperature gradient (which is weakened in its warm phase and strengthened in its cold phase 24 ) , and also through a modification of the Walker circulation. 11, 14, 25, 26 Both mechanisms contribute to a reduction of South Asian summer monsoon rainfall in the warm phase of ENSO and to an increase in its cold phase. Most recently, a similar teleconnection for the Ethiopian regional rainfall has been found which is to the south west of peninsula. 7 However for the Arabian Peninsula, the ENSO teleconnection with its summer rainfall and the related predictability is not studied well, but is investigated in the current study.
The south and southwestern peninsula region receives most of the boreal summer (June-August) rainfall. The topography in the south and southwestern peninsula tends to favor low-level moisture convergence and consequent lifting if the flow configuration is favourable, which is a factor for precipitation formation in the region. 27 However, the low-level divergent anomalies due to the descending Hadley cell and the existence of the Somali Jet over the southern peninsula tend to suppress the rainfall in the region. 28 Most studies are conducted using observational datasets, and the details of the mechanism connecting summertime peninsula rainfall with ENSO are not explored. The current study investigates the summer rainfall mechanism in relationship with ENSO by using a 15-member ensemble of simulations with the Saudi-King Abdulaziz University (KAU) AGCM 29 (see Methods). We also assessed the potential predictability of the model simulated rainfall in the Arabian Peninsula, which is important for local water and agriculture resources. The ensemble simulations can mimic the stochastic behavior of the atmosphere, and enable the separation of SST-forced signal from internal atmospheric variability (noise). 30 Moreover, the European centre for mediumrange weather forecasts (ECMWF) seasonal prediction System4 (SYS4) dataset 31 is used to compare regional rainfall PP simulated by the Saudi-KAU model. 29 
RESULTS
We analyze the spatial pattern of the observed and the model simulated ensemble mean summer rainfall climatology for the period 1981-2015, which shows that the model simulates the mean rainfall and its interannual variability quite well in comparison with observation (see Supplementary Fig. 1 ).
The south and southwestern Arabian Peninsula summer rainfall along the Red Sea masked over the land region Figure 1b shows the regression of SARI onto the global Sea Surface Temperature (SSTs) field. The maximum regression coefficient (~−0.4) is found in the central eastern equatorial pacific region, which is the ENSO region. The negative relationship shows that the positive ENSO phase tends to suppress the rainfall in the region and vice-versa for cold phase. It is important to mention here that we also investigated the model simulated SARI teleconnection with ENSO and it reproduces quite well (not shown here) in comparison to the observation. Further, the area-averaged observed Niño3.4 index is negatively correlated (−0.43) with the observed SARI for the period 1981-2015, which is statistically significant at the 95% significance level and shown in Fig. 1c . This shows that ENSO modulates the regional rainfall over the peninsula, favouring droughts in the region during the warm ENSO phase and wet conditions in the cold phase. A threshold of one standard deviation for the SARI shows, about 71% of drought years are induced by El Niño, and 38% of the flood years by La Niña events. Moreover, the ensemble mean SARI simulated by the model is correlated with the observed SARI, which shows a modest rainfall correlation skill of 0.28 for the period 1981-2015. This is statistically significant at 90% significance level.
To understand the regional rainfall mechanism, the normalized SARI is regressed onto the observed and the model ensemble mean simulated 200-hPa velocity potential as shown in Fig. 2a, b , respectively. This shows SARI is mostly associated with positive velocity potential anomalies at upper levels in the central Pacific region, and negative anomalies over the Arabian region. This is the case for both model and observations, which shows that model is quite reasonable in producing the large-scale features. Figure 2a , b suggests a link of SARI to the central-eastern Pacific, confirming that ENSO plays an important role in inducing the circulation anomalies responsible for rainfall variations in the southern AP region. Indeed, the cold phase of ENSO induces upper-level convergence in the central-eastern Pacific and the compensating upper-level divergence is located broadly in the Indian Ocean region, with maximum values encompassing the southern AP region and eastern Africa. 15 Such an upper-level Moreover, a total of three sensitivity experiments, are performed with the Saudi-KAU model to confirm this finding (see methods). Each experiment is run keeping its SST pattern fixed for 36-years, and changing only the initial conditions. A total of 35 ensemble members are analyzed, considering one year as a spin-up of the model. During the perpetual warm ENSO simulation, anomalous rising motion occurs in the central-eastern Pacific region, with subsidence over the Arabian and South Asian region. This sinking motion tends to reinforce the low-level divergence as shown in Fig. 3a , and the upper level convergence anomalies (not shown) over the region. This gradient is well supported by the east-west (convergence and divergence) anomalies as found in the velocity potential anomalies similar to that of Fig. 2c, d . Therefore, the rainfall is suppressed in the peninsula region in the warm ENSO phase as shown in Fig. 3b , and increased in the cold ENSO phase. The sinking motion tends to suppress the moisture, due to the lowlevel divergence in the SARI region and thus affects the regional rainfall, favouring drought conditions in the region. Overall, these sensitivity experiments confirm that ENSO modulates the rainfall in the Arabian Peninsula through atmospheric teleconnections. These results are also consistent with the earlier findings. There are different measures for the PP; one is the Signal-to-Noise (S/N) ratio, while the other is the perfect model potential predictability (see methods). The signal variance represents the contribution of the external forcing while the noise variance is due to the internal atmospheric behavior. A maximum signal variance of 0.5 (Fig. 4a) is noted over the south and southwestern peninsula, while the noise variance (Fig. 4b) is almost twice as large as that of the signal variance. The S/N ratio is shown in Fig. 4c , which has a maximum of 0.5 over the southwestern of the peninsula. Importantly, a much lower S/N ratio is observed over the eastern African region and a significant predictability is found over the southern peninsula i.e., the SARI region, which is induced by the ENSO. The higher noise variance compared to that of signal variance tends to reduce the predictability over the eastern African region. Further, the theoretical limit of the correlation skill, which is the perfect model PP, is assessed for the Saudi-KAU AGCM and the ECMWF-SYS4 and shown in Fig. 5 . The PP of the Saudi-KAU model is in good agreement with the ECMWF-SYS4, which is considered a state-of-the-art seasonal prediction system. 2 Although, the PP of the Saudi-KAU model is based on perfect boundary conditions, it is still worthwhile to compare it with ECMWF-SYS4 predictability. Both models show higher potential predictability in the southern AP region compared to other regions. The area-averaged PP of the SARI in the Saudi-KAU model is 0.53; this shows that this model is skilful to be used for regional rainfall predictability. The coupled Saudi-KAU model prediction skill will be explored in future studies.
Since ENSO provides a significant forcing for southern AP summer rainfall, we assessed the PP for the El Niño and La Niña years mentioned in supplementary Table 1 by using Saudi-KAU model and shown in Figs. 6a and 6b respectively. The PP for the El Niño and La Niña year is defined as the Signal-to-Noise (S/N) ratio (see methods). 32 The signal and noise patterns are shown in supplementary Fig. 2 . Overall the larger PP is for the El Niño compared to that of the La Niña years. The signals are comparable to each other, while the significant difference is in the noise, which is higher in the La Niña years compared to El Niño years (see Supplementary Fig. 2 ). The higher noise may be contributed by the larger rainfall variability among the La Niña years. This tends to limit the PP of La Niña years compared to that of El Niño years. The area-averaged PP over the SARI for the El Niño years is 0.86, while for the La Niña is 0.27. This shows that the PP in the El Niño years is about 65% higher over the SARI compared to that of La Niña years. Thus drier conditions, which may responsible for the droughts, are more predictable than the wetter conditions over the peninsula region.
DISCUSSION
We found a negative significant relationship between the south and soutwestern Arabian Peninsula summer rainfall (SARI) and the ENSO. The physical mechanism for the ENSO influence on south and southwestern Arabian rainfall is an atmospheric teleconnection. ENSO modifies the Walker Circulation and leads to anomalous rising motion and upper-level divergence in its warm phase in the central-eastern tropical Pacific and vice-versa for the cold phase. During the warm phase, the upper-level divergence anomaly is compensated by upper-level convergence in the Indian Ocean region, with maxima over the southern Arabian Peninsula and eastern Africa. At low-levels the sinking motion in the southern Arabian region leads to low-level divergence and an anticyclonic circulation response. This response reduces rainfall in the south and southwestern Arabian region. The vice-versa happens for the cold ENSO phase. Importantly, the center of action for this atmospheric response is over the Arabian Peninsula, which also affects the regional rainfall predictability. This is also confirmed by the results of the idealized experiments. Further, the rainfall PP simulated by the Saudi-KAU AGCM is comparable to the ECMWF-SYS4 seasonal prediction system. The Saudi-KAU model with perfect boundary conditions has a reasonable skill in predicting the rainfall over the SARI, which is comparable to that of ECMWF-SYS4 seasonal prediction system. Moreover, the Saudi-KAU model shows a higher PP in El Niño years compared to that of La Niña years over the SARI region, which shows that dry conditions are more predictable than the wetter conditions. This is mainly due to less noise during El Niño compared to that of La Niña years, which amplifies the predictability of the SARI region during El Niño years, as compared to that of La Niña years. Overall Saudi-KAU AGCM is reasonably good in predicting the regional rainfall, which gives confidence that it can be used for the seasonal forecasting system. Although there is no perfect model, an improved representation of physical parameterization can reduce the biases, 33 which may also lead to the better rainfall predictability. This aspect can be further explored in future studies. The rainfall prediction is important for the socioeconomic sectors such as water and agricultural resources and this study provides basis for the regional rainfall predictability.
METHODS
Following datasets, model and methods are used in the current study.
Datasets
The Global Precipitation Climatology Project (GPCP), 34 which is the gridded observed global rainfall dataset of 2.5 × 2.5 degrees horizontal resolution from the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) is used in the current study for the period 1981-2015. Observed large-scale variables are also taken from NCEP/NCAR reanalysis. 35 We also used observed reanalysis monthly Sea Surface temperature (SST) dataset of 1 × 1 degree from the Hadley Centre, United Kingdom. 36 Further, the seasonal prediction dataset from the ECMWF-SYS4 31 for the period 1981-2010 is used to compare the Saudi-KAU model simulated Potential Predictability.
Model description and simulations
The Saudi-King Abdulaziz University (KAU) Atmospheric Global Climate Model (AGCM) is originally based on the Seoul National University (SNU) Global Climate Model (GCM) 37 and has been adapted by KAU. 29 The model spectral truncation horizontal resolution is T42 (corresponding to 128 × 64 horizontal grid-points) with 20 vertical sigma levels. Each ensemble member differs from the others only by its different initial atmospheric conditions based on the NCEP reanalysis dataset. 38 15-member ensemble simulations are made with the Saudi-KAU AGCM by forcing each simulation with monthly varying SST and sea ice concentration dataset (HadISSTv1.1) from Hadley Center 36 for the period 1980-2015. After a oneyear spin-up, data are analyzed for the period 1981-2015. The following configuration is adopted for Saudi-KAU model. The Simplified Arakawa Schubert (SAS) scheme is used as a convective parameterization, 39 ,40 while a first order turbulence scheme based on the non-local and local closure is used as the boundary layer scheme. 41 The land surface model is used to estimate the surface fluxes. 42 The model also includes the nonprecipitating shallow convection scheme. 43 Model includes the atmospheric radiation parameterization 44 as well as a large scale parameterization scheme. 45 
Data analysis methods
Linear Regression analysis is used to identify the teleconnection patterns, by projecting the normalized time-series onto the required field variables. 2 The two-tailed Student t-test is used to check the statistical significance.
The Potential Predictability (PP) of the AP summer rainfall is assessed for the period 1981-2015. The PP is assessed by the signal to noise ratio as well as by the theoretical limit of the correlation skill 2 . Signal variance is defined as the variance of the ensemble mean, while noise variance is defined as the mean of the variance of ensemble members from the ensemble mean. 37, 46, 47 The signal to noise ratio provides a measure of the relative strength of contributions from external and internal atmospheric forcing, respectively, to overall variability within the ensemble. Mostly, the signal is influenced by external forcing i.e., SST anomalies, while the noise is generated by internal atmospheric variability, although sometimes internal variability can also contribute positively to the signal. 32 However, the perfect model potential predictability is assessed, as the square root of the signal to the total variance, which is also known as the theoretical limit of the correlation skill. 2 This shows that the model can achieve a maximum skill with perfect model and perfect boundary conditions. Further, we assessed the signal and noise for the El Niño and La Niña years. Here the signal is defined as the mean of the square of each year's ensemble mean anomaly, while noise is the variance over the ensemble members for the particular El Niño/La Niña year. 
